The postulated core disruptive accidents (CDAs) are regarded as particular difficulties in the safety analysis of liquid-metal fast reactors (LMFRs). In the CDAs, the self-leveling behavior of debris bed is a crucial issue, which greatly affects the relocation process and heat-removal capability of molten core. SIMMER-III is a fast reactor safety analysis code and successfully applied to a series of the CDA assessments. It is a 2D, multi-velocity-field, multiphase, multicomponent, Eulerian, fluid dynamics code coupled with a fuel-pin model and a space-and energy-dependent neutron kinetics model. However, strong interactions between solid particles, as well as particle characteristics, in multiphase flows with particles are not taken into consideration in SIMMER-III. In this article, a hybrid method is developed by coupling the discrete element method (DEM) with the multi-fluid model of SIMMER-III, and the numerical simulation of a simplified self-leveling experiment is presented. In the coupling algorithm, the governing equations of gas and liquid phases are solved by a time-factorization (time-splitting) method. Contact forces between particles and interactions between particles and fluid are considered in the DEM. Reasonable agreement between simulation results and corresponding experimental data can demonstrate the validity of the present method in simulating the self-leveling behavior of debris bed.
Introduction
The postulated core disruptive accidents (CDAs) are regarded as particular difficulties in the safety analysis of liquid-metal fast reactors (LMFRs), where multicomponent and multiphase flow leads to the large complexities and followed uncertainties (Bohl and Luck, 1990) . In the CDAs, the debris beds usually form conical mounds over the core-support structure and/or in the lower inlet plenum of the reactor vessel. Along with coolant boiling around caused by decay heat, the conical shape of debris bed may be ultimately leveled. This mechanism is called as "self-leveling" behavior of debris bed, and is conceptually shown in Fig. 1 . The self-leveling behavior of debris bed is a crucial issue, which greatly affects the relocation process and heat-removal capability of molten core in the CDAs.
Numerical simulation of a self-leveling experiment using a hybrid method
The SIMMER code (Yamano, et al., 2003 ) is a successively developed program initiated as a reliable and advanced tool for the transition phase analysis, and is then used in analyzing a series of key phenomena of CDAs in LMFR as well. It is a 2D, multi-velocity-field, multiphase, multicomponent, Eulerian, fluid dynamics code coupled with a fuel-pin model and a space-and energy-dependent neutron kinetics model. In the last decades, it can be found in the literature that the SIMMER code was successfully applied to a series of CDA assessment, such as the possible significant reduction in evaluated CDA energetics or the key individual accident phenomena (Morita, et al., 2003) . In the multiphase flow containing solid particles, the collision contacts between particles increase drastically with increasing number of particles suspended in the fluid (Wachs, 2009 ). However, strong interactions between solid particles as well as particle characteristics are not taken into consideration in the fluid-dynamics models of SIMMER-III.
On the other hand, according to the continuity consideration of solid phase, two categories of modeling mainly exist in numerical methods: the continuum approach at a macroscopic level and the discrete approach at a microscopic level.
To describe particle behavior in a macroscopic scale, two-fluid model (TFM) (Ishii and Mishima, 1984 ) is widely applied in the various researches by regarding the particle-fluid mixture as the blending of two fluids. This model can remarkably decrease computational burdens. However, phenomenological assumption is required in the TFM, such as the suitable constitutive relations and momentum exchange functions, which usually base on empirical experience. Until now, the fact that acceptable general theory is not yet developed for all flow conditions heavily affects its application. Moreover, it was found that the TFM may overestimate the drag coefficient without sub-grid structures treatment (Wang, et al., 2010) for common grid methods.
The discrete approach directly considers the interactions between individual solid particles, where the Newton's equations will be solved together with appropriate boundary and initial conditions. Consequently, the assumptions on solid phase, such as the uniform constituency and constitutive relations, are not necessary (Zhu, et al., 2007) . The discrete element method, which is usually named as the DEM and was introduced by Cundall and Strack (1979) , is the most active field in the research world. Transient trajectories of individual particles, which are usually difficult to calculate by mesh methods, can be obtained exactly by an explicit force model in the DEM.
There are some experiences in literature on the DEM coupled with other computational fluid dynamics (CFD) techniques. For example, Wachs (2009) concentrated his effort on coupling a distributed Lagrange multiplier/fictitious domain (DLM/FD) method with the DEM, and applied it to the sedimentation problem of polygonal isometric particles in a Newtonian fluid. Sturm, et al. (2010) worked on a DEM-CFD coupling algorithm for the simulation of gas-solid flows and used it into industrial-scale pneumatic conveying. However, the pervious researches are mainly concerned in the analysis of two-phase flow.
During the past decades, very little work related to the self-leveling phenomena has been carried out. Hesson, et al. (1971) and Gabor, et al. (1974) began some pioneering experimental studies on this subject. The same conclusion that self-leveling occurs easily even with lower heat flux were obtained independently by them.
A hybrid computational method was developed by combining the DEM with the multi-fluid model of SIMMER-III to reasonably simulate the particle behavior, as well as the thermal-hydraulic phenomena, in CDAs. In this article, the developed coupling algorithm is validated by taking the simulation of a simplified self-leveling experiment in literature (Cheng, et al., 2012) , and the simulation results are compared with corresponding experimental data. The governing equations of multi fluid phases are the conservations of mass, momentum and energy, in terms of the local mean variables over a computational cell, in abbreviated form in SIMMER (Yamano, et al., 2003) :
Mathematical treatment 2.1 Governing equations
where subscript m , q , M denote the density, velocity and energy component, respectively. Q is nuclear heating rate, rate of energy interchange due to the mass and heat transfer. The subscript GL indicates the terms existing at interfaces between vapor and an averaged liquid velocity.
The particle phase is treated as discrete, and the motion of particle i is described by Newton's law of motion as follows: 
Fluid dynamics algorithm
The overall fluid-dynamics solution of the SIMMER-III code for gas and particle phases is based on a time-factorization time-splitting approach. This is the four-step algorithm developed for the advanced fluid-dynamics model. In STEP 1 of this algorithm, intra-cell transfers are solved without considering the convection terms. In STEP 2, the end-of-time-step variables are explicitly estimated to initialize the pressure iteration. In STEP 3, the pressure iteration is conducted to obtain consistent velocity and pressure using a multivariate Newton-Raphson method. The iterative calculations in this step are strictly controlled to reduce the residuals of selected sensitive variables to zero. Finally, in STEP 4, consistent mass and momentum convections are computed based on a semi-implicit method. Under the assumption of DEM, particles in 2D systems are assumed to be circular. The contact forces between the particles, as well as between particles and the wall, are calculated by applying a viscoelastic contact model (Balevicius, et al., 2008 
Methodology of DEM
where the subscript j denotes the neighbor particles of particle i.
To calculate the normal component of the contact force between particles i and j, as pointed out by Dziugys and Peters (2001) , one widely used model for spherical particles is based on the linear Hooke's law with a spring stiffness constant, n h K , . It can be expressed as
where p R is the radius of particle,
is the overlap length, ij n  is the unit vector normal to the contact surface with particle j directed towards particle i.
To consider the influence of particle material and radius, the spring stiffness constant, n h K , is derived from the Hertz theory. With the damping effects, the whole equation is written as 
where ij t  is the unit tangential vector. The static friction force identifies friction behavior prior to gross sliding, and can be calculated as the sum of shear and viscous damping components
where
is the integrated tangential displacement vector, G is the shear modulii,
is the tangential relative velocity, and an t  is the viscous damping coefficient in the tangential direction.
The dynamic friction force describes the friction after gross sliding, and is expressed by coulomb law of friction
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Coupling algorithm
In the SIMMER model, after intra-cell transfers have been calculated (STEP 1), the governing equations for particles are solved in the DEM to predict their positions and velocities. The particle-fluid interaction force is calculated assuming that it is uniform over a SIMMER computational cell based on the momentum exchange function
where cell V indicates the cell volume, i S is the surface area of particle i in the cell, subscripts p , f and s present the particle, fluid (liquid and vapor) and structure component, respectively. Particle acceleration can be calculated according to these forces. Because the time steps in DEM are usually smaller than those of SIMMER for fluid-dynamic calculations, a multi-time-step scheme is used. The coupling algorithm is described schematically in Fig. 2 In the DEM calculation, particle velocities and positions are updated using an explicit scheme: As the particle phase is treated as one of the liquid components under the continuum assumption in the original multi-fluid SIMMER-III model, the particle phase is temporally defined as a static incompressible component in STEPs 2, 3, and 4. This excludes its influence on the convection and pressure calculations in the present algorithm. To consistently consider the particle-fluid interaction force in STEPs 2, 3 and 4, the momentum exchange function for fluid-structure interactions are replaced by 
At the end of STEP 4, the volume fraction of the particle phase is updated to the end-of-time-step values for every SIMMER cell according to the DEM result as
Control of time-step size
Time-step size is a very important element for the accuracy and stability of calculations. In addition, it should be considered in terms of the implied computing cost. In the SIMMER-III code (Yamano, et al., 2003) , the time-step size is optimized based on the Courant condition and the number of pressure iterations in STEP 3.
For the DEM calculation, there are two main conditions that limit the time-step size (Cundall and Strack, 1979) . First, the interaction between a particle and the surrounding fluid cannot influence its immediate neighboring particles during a time step. Second, in each time step, only one collision process can occur between two neighboring particles. Usually, the time-step size given by the second constraint is much smaller. A corresponding simplified self-leveling experiment (Cheng, et al., 2012) was chosen as a benchmark case to validate the present coupling algorithm. The schematic view of the experimental apparatus is illustrated in Fig. 3 . In the experiment, a rectangular viewing tank made of glass with the dimensions of 500 mm height, 250 mm width and 55 mm gap thickness was utilized. For all experimental runs, a fixed amount of particles ( PB V = 2.5L) were charged into the tank to form particle bed ( H = 180mm) for simulating the debris beds generated during the CDAs. Particles used in the experiment were glass with diameter of 6.0 mm, of which the physical parameters are listed in Table 1 . Purified water and nitrogen gas were employed to simulate coolant and vapor, respectively. The water depth was maintained at around 400mm. Uniform distribution of nitrogen gas was injected to the tank from the bottom. In the benchmark case, the gas inlet velocity was set to 0.00504 m/s.
NUMERICAL RESULTS

Experiment condition
Simulation condition
As mentioned above, numerical simulation of a corresponding self-leveling experiment was performed to validate the coupling algorithm. It should be noted that in the experiment, the injected gas from the bottom of tank was used to represent the coolant boiling effect. Hence the decay heat of the particle bed was not considered in the present validation. In the present stage, it was convenient to validate the method with only considering the fluid-particle interaction and neglecting heat exchange. However, even for the situation with same rising velocity of gas phase, the difference between gas injection and gas boiling should be verified carefully in the future. The computational domain is shown in Fig. 4 , which includes the particle/water/air three phases. The initial positions of particles were distributed regularly. A difference existed that there was only one layer of particles in the depth direction in the simulation under 2D assumption, which was equal to a cylinder shape in 3D situation, whereas about ten particle layers (sphere) were placed in the experiment. However, as verified by Li, et al. (2012) , two-dimensional flow behavior can be observed in the 3D simulation with having a thickness of up to 20 particle diameters. For the SIMMER mesh, horizontal grid was Fig. 4 Schematic illustration of the set-ups for the Simulation Fig. 3 Schematic view of experimental apparatus (Cheng et al., 2012) Guo, Morita, Tagami and Tobita, Mechanical Engineering Journal, Vol.1, No.4 (2014) [ As listed in table 1, the viscous damping coefficients in the normal and tangential directions are important parameters in the DEM, which affect the collision process of two particles. Numerical experiments of these factors were performed. Based on the present simulation condition, when two factors altered less than 1000.0, the simulation results show little difference on particle bed shape and inclination angle variation. Therefore, the influences of the factors were temporarily neglected. Figure 5 presents the comparison between experimental observation and simulation snapshots including the volume fraction of water, and the velocity vectors of water and gas. The calculation time was set to 20.0 s. From the figure, the self-leveling behavior of particle bed is clearly visible. The flow structures and velocity vectors of the water and gas at various time intervals are shown in the middle and right columns of Fig. 5 , respectively, where the unit lengths of vector both represent 2.0 m/s. The simulation results show rising areas both of the water and gas, which move periodically from bottom to top of the particle bed. Figure 6 shows the definition of inclination angle. As depicted in that figure, the tangent of the inclination angle is the ratio of the height of the apex to the half-width of the viewing tank. Thus, the inclination angle can clearly describe overall average shape of the particle bed rather than its local periphery shape (Cheng, et al., 2012 
Simulation results
where R is the ratio of angle. 
CONCLUSION
An Eulerian-Lagrangian coupling method, based on the DEM and the multi-fluid SIMMER-III model, was developed and applied to the simulation of a simplified self-leveling experiment. The simulation reasonably reproduced the self-leveling behavior of the particle bed in the experiment. The ratio of inclination angle was also examined as a comparative parameter to validate the coupling algorithm.
From the reasonable agreement between the simulation results and comparable data available in the literature, the validity of the coupling algorithm in simulating the self-leveling behavior of particle bed can be demonstrated. In the future work, its extension to three-dimensional system might enable us to obtain better agreement, with realistic particle shape according to the experiment. In addition, the coolant boiling will be also considered in the method with introducing proper heat and mass transfer model in the future. Guo, Morita, Tagami and Tobita, Mechanical Engineering Journal, Vol.1, No.4 (2014) [ 
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